The aim of this work was to develop a functional biodegradable nonwoven with antimicrobial microcapsules maintaining the stability and biodegradability of the nonwoven for use in agriculture applications. The nonwoven was obtained using hemp fibers by Wetlaid technology. Microcapsules were prepared by co-extrusion/gelling method with alginate as shell and oregano oil as core material. The microcapsules were developed to protect and control release of oregano oil. Microcapsules were incorporated on the nonwoven by coating method using a natural polymer as a graft material. After incorporating microcapsules, the nonwoven was subjected to several tests in order to determinate the microcapsules fixation and their functionality. The nonwovens were characterized for their antimicrobial activity against different kinds of bacteria and fungi. Nonwoven loaded with microcapsules was found to show good antimicrobial activity in comparison with nonwoven that was not loaded with microcapsules.
Introduction
Agrotextiles are a kind of engineering textiles used in the agriculture, horticulture, gardening and construction. Depending on the final application, the composition, production method and properties change.
Erosion Control Blanket (ECB) is a kind of agrotextile. It is aimed at strengthening the soil. It is composed by a high percentage of biodegradable natural How to cite this paper: Ferrándiz, M., Capablanca, L., García, D. and Bonet, M.Á. (2017) Application of Antimicrobial Microcapsules on Agrotextiles. Journal of Agricultural Chemistry and Environment, 6, fibers. The vegetable waste pruning can be processed by Wetlaid technology to obtain nonwoven for different applications of ECB or composites [1] .
The Wetlaid is a processing technique highly used in the paper and textile industry for nonwoven formation. In the case of nonwoven textiles, it is possible to obtain nonwoven structures based on different base components both raw and waste materials so that it is possible to mix a base natural fibre with a binding fibre to provide cohesion after a thermo-bonding process [2] [3] [4] . The Wetlaid process, which uses highly diluted fibre-water dispersions, is an eco-friendly process since, although it consumes high water amounts, all the water is recirculated as it only acts as the fibre carrier component so that, almost all water is recovered in the hydroformer station in which nonwoven formation occurs [5] .
The nonwoven or ECB can have an increase in its functional properties for agriculture by microcapsules incorporation.
Microencapsulation is a technology that allows sensitive materials to be physically enveloped in a protective "wall material", in order to protect these ingredients or "core" materials, from adverse reactions, volatile loss, weathering, etc.
The selection of wall material for each core material is important; i.e., carbohydrates such as maltodextrins [6] [7] [8] [9] , starches [10] [11] , Arabic gum [12] [13], alginate [14] [15] , chitosan [16] [17] , or mixtures thereof [18] [19] [20] [21], etc., have been all widely used as encapsulation agents.
Biopolymers, like alginate, are used as encapsulating materials in several applications, more commonly, in food and pharmaceutical applications. This polymer is not supposed to affect the encapsulated compound activity [22] ; it shows high toughness and it has considerable effects on the mechanical stability of beads [23] .
Many essential oils, such as garlic, oregano, cinnamon, thyme, basil, eucalyptus, rosemary, peppermint, etc., have been demonstrated to show antimicrobial activity [23] . Therefore, these natural products are an alternative to replace synthetic chemical pesticides [24] .
The biological activity of these oils can be lost by volatilization of active components or their degradation by act of high temperatures, oxidation and UV light [25] . These disadvantages make the commercial application of these oils limited.
Microencapsulation, as one of the most efficient methods for the protection of essential oils, has to be employed for controlling the release of active ingredients and protecting them from the external environment.
Many researches are done on microencapsulation of essential oils using several methods including spray-drying, simple coacervation, complex coacervation, co-extrusion/gelling, supercritical fluid precipitation, etc. [23] . Co-extrusion/gelling is considered as one of the most common approaches of microencapsulation [26] . This process happens when a fluid flows in laminar state and breaks into droplets of a same size through an overlapped vibration. Then these drops transform into a gel in an ionic solution, resulting in the encapsulation of the active ingredient (Core) with a polymer (Shell) [27] [28] .
There are several methods for applying microcapsules in agrotextiles, like padding, bath exhaustion, printing, coating, etc. In all of them, the microcapsule's shell is not usually an agent that can react with the fibers, so it is necessary to make them adhere to the fiber by means of a resin, otherwise they will be lost [29] .
In the textile industry, the most common resins are: acrylics, polyurethanes, silicones, etc., all of them are synthetic, and for agriculture application are not suitable due to their low degradability. Biodegradable polymers, like chitosan, become an alternative to the use instead of chemicals [30] .
Chitosan is a natural biopolymer that is derived from chitin by chemical, electrochemical or enzymatic methods [32] . It has unique properties that make it very interesting for medical, agricultural and food applications. It has high antimicrobial activity [31] ; It is biocompatible [32] ; nontoxic [33] ; strengthens the plants [34] and; it has functional properties as a dietary supplement [35] among others.
Besides, chitosan has the ability to form hydrogels, dimensional polymeric networks with high water absorption capacity [27] , which is very interesting from agricultural point of view.
In the last years, a growing interest on the use of biobased materials or materials from renewable resources has been detected. This interest has also arrived to technical sectors such as agriculture. Therefore, the use of natural and renewable materials for the control of erosion in the soil [36] , the use of the molecules with biological activity to control the microorganisms [37] and the use of natural biopolymer to functionalized agricultural systems [38] [39] open a wide range of possibilities from the point of view of sustainable agriculture.
The aim of the present study is to develop a functional and biodegradable ECB for agriculture applications. For that, the first task is the revalorization of hemp wastes in textile nonwoven industry using the wetlaid technology to obtain an ECB. To provide high cohesion on nonwovens, different binder fibers have been used: Lyocellfibre and PLA fiber.
The second task is the microencapsulation oregano essential oil by co-extrusion/gelling method using alginate as shell material. The main chemical thermal and functional properties are determined by standardized test.
The third task is the functionalization of hemp nonwoven with the microcapsules application on its surface. To provide high durability the microcapsules on the nonwoven a biopolymer have been used. The main properties such as air permeability, antimicrobial are determined by standardized test.
Materials and Methods

Materials
Materials for Microcapsules Formation
A low viscosity alginic acid sodium salt from brown algae with 3% and 5% (p/v) supplied by Sigma Aldrich (Spain) was used as shell material.
The core material was an essential oil, oregano oil, supplied by Esencias Lozano (Spain).
Calcium chloride supplied by Sigma Aldrich (Spain) was used as cross-linking agent for microcapsules formation and it was prepared at 0.5M.
In order to determinate the oil by spectrophotometry was used an oil soluble dye, Verde Cornasol C (Prochimac, Switzerland), this dye was mixed with oregano oil. Hemp agrotextil was obtained by wet-laid process with a 150 g/m 2 ; it was composed of 80% (w/w) of hemp residue supplied by STW (Germany). As well as two other fibers biodegradable fibers those allow nonwoven to be consolidated: 10% (w/w) of polylactic acid (PLA) supplied by Mini fibers (Germany) with 6.3 mm of length and 1.3 dpf of thickness; and 10% (w/w) lyocell supplied by STW (Germany) with 4.0 mm of length and 1.7 dtex of thickness.
Material for Hemp Nonwoven Development
Materials for Nonwoven Functionalization
A medium molecular weight chitosan supplied by Sigma Aldrich (Spain) was used to prepare a gel, which formed a three dimensional network that traps the microcapsules and fixed on the nonwoven. Sodium tripolyphosphate (TTP) supplied by Sigma Aldrich was used as crosslinking material in order to form the polymer network on the textile substrate and stabilize the coating.
Methods
Microencapsulation Process: Co-Extrusion/Gelling
Microcapsules were obtained by BUCHI B-390 at room temperature. The internal nozzle diameter (core) was 0.2 mm and the external nozzle diameter (shell) was 0.4 mm. Potential and frequency values were 250 V and 350 Hz. Oil flow and alginate flow were controlled by injection pump (900 mL/h and 300 mL/h respectively), this difference is due to the solution viscosity. These experimental parameters were optimized in a previous research [40] [41] ( Table 1 ).
The optimal parameters were selected based on: Calcium chloride (M) 0.1, 0.25, 0.5 and 0.75 0.5 Figure 1 . Microcapsules formation.
Next diagram shows the microcapsulesobtaining process:
Microcapsules Characterization
Morphology: Microcapsules morphology was studied in an optic microscope AM4115ZT Dino-Lite Edge (Dino-Lite Digital Microscope, Taiwan) with a Dino-Capture Software.
The experiments were done with dry and non-dry microcapsules. They were repeated four times to compare the results between different microcapsules. Fourier-transform infrared spectroscopy (FTIR):
Samples were analysed in an Infrared spectra Varian FT-IR 670 with a 0.10 cm −1 resolution for each infrared spectrum. Spectra were collected in ATR mode.
Determination of encapsulated oil:
Control release was made with a spectrophotometric technic UV (Evolution 60S, Thermo Scientific, USA). It was necessary to use a dye (Verde Cornasol C) in this technique due to the fact that oregano oil is colorless.
First, was necessary to determinate de calibration curve at 647 nm. For this four solutions were prepared by dilutions 1:2 to the first solution (oregano oil + 1% dye). The experiments were made with 0.5 g of non-dry and dry microcapsules. They were repeated three times. To release the oil, it was put the same quantity of microcapsules and 5ml of ethanol, and then sonicated for 10 minutes. The room conditions were 25˚C and 60% oh humidity.
The oil content was calculated by Lambert-beer method. Antimicrobial test: Oregano essential oil and the microcapsules were tested to determinate antifungal/antibacterial activity, based on Standard ASTM E 2149-13 where colony-forming unit (CFU or cfu) is a measure of viable bacterial or fungal cells. The contact time of the material with fungi was 24 h and the Culture medium used was Sabouraud Dextrosa Agar (Sharlab, Spain). The contact time of the material with bacteria was 24 h and the Culture medium used was plate Count Agar (Sharlab, Spain). The Incubation temperature was 35˚C ± 2˚C.
It is necessary to mention that before the test microcapsules were broken to allow release oil using a mortar.
Obtaining Hemp Nonwoven
In a first stage, hemp wastes, Lyocell and PLA fibers were weighed and immediately they were poured into a pulper with a maximum capacity of 35 L. This pulper was supplied by PILL Nassvliestechnik (PILL Nassvliestechnik GmbH, Germany). The fibre concentration in the water dispersion was 10 g/L. To obtain optimum fibre separation, vigorous agitation at 2300 rpm was maintained for 10 min. After this initial stage, the water dispersion is transferred to a larger polye-thylene tank in which, the fibre dispersion is diluted up to 1g/L with less aggressive agitation at 170rpm for a period of time of 15 min. Then, once the fibers are appropriately dispersed in aqueous solution the water-fibre mixture is moved to the hydroformer station by using hydraulic pumps. The hydroformer station has been supplied by PILL NASSVLIESTECHNIK GmbH. The water-fibre dispersion is pumped to the hydroformer station, and the water-fibre dispersion is dropped onto the porous forming strip which acts as a filter media in which water is removed by vacuum and fibers are deposited. Once the nonwoven is formed, additional thermo-bonding process must be carried out in order to melt PLA fibers to embed hemp wastes thus increasing nonwoven cohesion. A first drying stage was carried out initially in a drying oven SDT-600 by Tacome (Tacome S.A., Spain) at a fixed temperature of 195˚C for 15min. After this stage, the dried nonwoven is subjected to a calendaring process in a CL-600 calendar supplied by Tacome (Tacome S.A., Ontinyent, Spain). The surface temperature of the roller was maintained to 200˚C and the linear pressure over the nonwoven was fixed to 0.124 MPa m.
Microencapsules Application Process on Nonwoven
Microcapsules were applied by coating using a chitosan gel. A scraper laboratory model CH-8156 supplied by Mathis (Zurich) with 3.5 mm of gauge was used in the process.
The gel was prepared with 4% (w/w) medium molecular weight chitosan. Chitosan was dissolved with acetic acid (1%v/v). Both products were supplied by Sigma Aldrich (Spain).
Oregano microcapsules concentration into gels was 30 g/l. This amount was optimized in previous researches, and if this concentration is increased the antimicrobial effect don't improve.
10mL Sodium tripolyphosphate (TTP) supplied by Sigma Aldrich (Spain) 1% (w/v), was used as cross-linking material in order to form the polymer network on the textile substrate and stabilize the coating, it was applied by spraying.
After application, nonwovens were dried at room temperature (20˚C ± 2˚C).
Functional Nonwoven Characterization
Morphology: Surface morphology was studied in an optic microscope AM4115ZT Dino-Lite Edge (Dino-Lite Digital Microscope, Taiwan) with a Dino-Capture Software.
Determination of surface Mass:
The standard UNE-EN 12.127:1998 was used in order to determine the mass per unit area. The Atmosphere for conditioning and testing: Temperature: (20 ± 2)˚C; Relative humidity: (65 ± 4)%.
The test has been carried out an original nonwoven (untreated), nonwoven with chitosan gel and nonwoven with chitosan gel + microcapsules.
Air permeability:
Air permeability test is conducted using an Air Permeability Tester FX 3300 The contact time of the material (nonwovens) with fungi was 24 h and the culture medium used was SabouraudDextrosa Agar supplied by Sharlab (Spain).
The Incubation temperature was 28˚C ± 2˚C.
Results
Microcapsules
Morphology
The results obtained when analysing the microcapsules show that non-dry ones were not completely spherical. The core material has a spherical shape and the oil is located inside the wall as it can be observed in Figure 2 .
The results of the morphology study are shown in Table 2 . It can be observed that due to the core morphology, dry microcapsules presented more spherical shape than non-dry microcapsules. Non-dry microcapsules area was bigger than the one from the dry microcapsules. This is due to water loss in the drying process. (Table 2 ) and the external nozzle diameter (0.4 mm). This is due to equipment parameters like vibration frequency, flow rate, electrode tension, separation distance of the nozzle to the bath, the effect of gravity, the surface tension of the inducing gelation solution, the gel time, alginate viscosity, etc., all of them have influence in the microcapsules sizes [42] .
Differences in microcapsules size between non-dry and dry microcapsules is due to hydration of the alginate, alginate hydrogel has these properties [43] .
For this kind of microcapsules it is difficult to calculate the size by any other method except the microscopy. In the past we tried with Coulter® Counter and we concluded that it is not a good way to determine the size of the alginate microcapsules due to the use of isotonic solution [27] .
Differential Scanning Calorimetry
Thermal analysis has been studied in order to determine the microcapsules thermal characteristics and predict their thermal behaviour. Figure 3 shows the DSC thermograms of the oregano, the polymer from the shell (alginate) and the micro-capsules containing oil and the shell respectively. In Figure 3 it can be observed an endothermic transition at 190˚C, and this temperature is attributed to the evaporation temperature of oregano oil. Microcapsules and the shell polymer have and endothermic transition at 80˚C this temperature is attributed to the dehydration of the alginate. These temperatures demonstrate that drying temperature (60˚C) doesn't affect the microcapsules, therefore microcapsules can be dry after coating process to fix on the nonwoven. Figure 4 shows the TGA thermograms of the oregano oil, the polymer (shell) and microcapsules. Oregano oil shows the evaporation temperature at 190˚C, and at 60˚C starts evaporation. This results matches with DSC analysis. In figure   4 , it can be observed three curves corresponding to the oregano oil, alginate as polymer used as wall material and oregano microcapsules obtained by co-extrusion/gelling with alginate shell. The weight loss starts at 80˚C in microcapsules due to the indoor humidity evaporation, because the outdoor humidity is removed in the drying process to turn them into powder form.
Termogravimetry
Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR test was conducted in order to characterize the microcapsules. Figure 5 shows the spectra for three compounds, oregano oil, the alginate and the microcapsules.
When the study is centred in the region between 3800 -2000 cm −1 , two important zones can be observed. The first one is comprised between 3800 -3100 cm −1 and is attributed to O-H bonding, the second one is located around 3100 -2600 cm −1 and is assigned to C-H stretching. All the samples show picks at both regions. Thus can be attributed to the oregano oil, which is composed in majority of carvacrol and thymol [41] [43] [44] .
When the oil has been encapsulated, the picks moved towards a different wavenumber. The alginate shell shows a pick between 3.242 cm −1 due to the O-H stretching, around 1.081 -1.024 cm −1 is located a pick attributed to COC stretching [45] [46] [47] .
Alginate is crosslinked with calcium chloride, therefore, it is possible to observe two bands displaced relative to sodium alginate: -1.596 until 1606 cm −1 (carboxylate ion); -3.242 until 3.337 cm −1 due to the sodium alginate interaction.
The FTIR spectrum confirms the existing core material and oregano oil inside the microcapsules. Oregane Oil Alginate Microcapsule Figure 5 . FTIR spectra from the oregano oil and microcapsules.
Determination of Encapsulated Oil
As a result of the control release the concentration of oil has been calculated with the Lambert-Beer law: Monitoring of control release has been realized during 120 hours, at this time all the oil has been delivered and the total concentrations are Coreg oil = 9.120 ± 0.001 μg•mL −1 for non dry microcapsules Coreg oil = 8.994 ± 0.001 μg•mL −1 for dry microcapsules The results show that the difference values were non-significant.
Antimicrobial Test
Oregano essential oil and microcapsules were tested as an antimicrobial and antifungal. They presented an excellent reduction at the bacteria and fungi population. Results are showed in Table 3 . Oregano oil and microcapsules showed good antimicrobial activity [23] [24] [48] , this result demonstrated that the oil has been successfully encapsulated because the control tested, alginate didn't show antimicrobial activity, the encapsulation methods didn't affect the antimicrobial activity of the oregano oil. Figure 6 shows the image of hemp nonwovens after coating and TTP application. Oregano microcapsules can be observed in Figure 6 . It can be noticeable that their shapes are spherical.
Functional Nonwoven
Morphology
It is possible to calculate the quantity of microcapsules deposited on the nonwoven according to the determination of surface mass.
The microcapsules quantity in chitosan gel was of 30 g/L, according to the results of Table 4 , therefore 6 g of oregano microcapsules have been deposited on hemp nonwoven.
Air Permeability
Air permeability has been studied in order to determine the coating effect (chitosan and microcapsules/chitosan) on the nonwoven. Table 5 shows the results for three replicates.
Attending to the values in Table 5 , we could observe that all samples show high levels of air permeability. This parameter is important in nonwoven for agriculture applications, because these substrates should allow water and air to pass in order to improve the soil properties. In this case, the use of chitosan gel as fix polymer didn't affect the permeability. 
Water Column Test
Three replicates were carried out in order to determine the resistance to water penetration ( Table 6 ) in different nonwoven. Certain sensitive differences in results from water column test can be observed, chitosan gel increases the nonwoven resistance to water penetration. Water column values obtained from nonwovens are lower than results from samples with chitosan. Thus, non-treated nonwovens are not resistant to water penetration under increasing hydrostatic pressure. This results is important thinking in agriculture applications, the functional nonwoven should allow the water penetration. Table 7 shows the result of weight loss during the 35 days. It compares the initial weight (without exposure) with the weight after weathering. Temperatures were between 20˚C -35˚C. During this continuous period it has been recorded rainfall days on days: 10, 31, 33, 34 and 35, with a total amount of 25.8 L.
Nonwoven Weatherability Resistance
Before the measurement nonwovens have been conditioned for 24 hours (Temperature: 20˚C ± 2˚C; Relative humidity: 65% ± 4%).
As increasing the exposure time, functional hemp nonwovens lost weight due to the chitosan gel is degraded and the microcapsules were broken and the oil is delivered. Figure 7 shows images from the prototypes during the exposure time. The coating is composed of 30 g/L oregano microcapsules and chitosan.
Images show that microcapsules retain their spherical shape during the exposure time, but as time passes it is more difficult to locate the microcapsules because the membrane is degraded, and the oregano essence evaporates and therefore microcapsules lose their shape.
During this continuous period the average temperature has been around 25˚C and rainfall has been low. Figure 8 shows the rainfall. Table 8 shows the antimicrobial test results. It compares an original nonwoven sample without chitosan gel, a sample with the chitosan gel and a sample with the chitosan gel and microcapsules. Results show that the nonwoven samples which contain the chitosan and microcapsules have a good antimicrobial behaviour if they are compared with the original sample results and the samples with chitosan gel. Chitosan gel samples have a slight antimicrobial activity due to the chitosan properties [49] [50], but the higher efficiency in antimicrobial effect is obtained thanks to the presence of the oregano microcapsules.
Antimicrobial Test Results
This corroborates that the microcapsules endow antimicrobial properties to the nonwoven.
Conclusions
Microcapsules containing oregano oil were successfully constructed by co-extrusion/gelling using alginate as shell material. The morphology of microcapsules was spherical and the size was determined by optic microscope. The formation of microcapsules confirmed the encapsulation of oregano oil in the alginate shells by identification of the bands and picks which corresponded with the bands in the spectra of oregano oil. Also, the antimicrobial activity of microcapsules was determined, and the results showed that the microcapsules presented the same behaviour of free oil, therefore the encapsulation process didn't affect the antimicrobial activity of the oregano oil. Finally, thermal analysis of microcapsules shows that alginate microcapsules begin their degradation at lower temperatures than free oil. This should be taken into consideration when they are used in a procedure which conditions imply thermal treatment.
On the other hand, hemp nonwoven finished with microcapsules using a chitosan hydrogel presented good results regarding air and water permeability, and both parameters were important in agriculture to improve the soil. Also, the functional nonwoven showed antibacterial activity against different bacteria and fungi. However, more research needs to be done on durability testing and quantitative testing of antibacterial activity in different weather conditions.
Finally, this study demonstrates that the application of microencapsulated compounds on agrotextiles allows functionalization and provides them with new properties. 
